Studies were performed to assess whether ATP-sensitive K+ (KATP) channels on rabbit preglomerular vessels can influence afferent arteriolar (AA) tone. K+ channels with a slope conductance of 258 +/-13 (n = 7) pS and pronounced voltage dependence were demonstrated in excised patches from vascular smooth muscle cells of microdissected preglomerular segments. Channel activity was markedly reduced by 1 mM ATP and in a dose-dependent fashion by glibenclamide (10(-9) M to 10(-6) M), a specific antagonist of KATP channels. 10(-5) M diazoxide, a K+ channel opener, activated these channels in the presence of ATP, and this effect was also blocked by glibenclamide. To determine the role of these KATP channels in the control of vascular tone, diazoxide was tested on isolated perfused AA. After preconstriction from a control diameter of 13.1 +/-1.1 to 3.5 +/-2.1 microns with phenylephrine (PE), addition of 10(-5) M diazoxide dilated vessels to 11.2 +/-0.7 microns, which was not different from control. Further addition of 10(-5) M glibenclamide reconstricted the vessels to 5.8 +/-1.5 microns (n = 5; P less than 0.03). In support of its specificity for KATP channels, glibenclamide did not reverse verapamil induced dilation in a separate series of experiments. To determine whether intracellular ATP levels can effect AA tone, studies were conducted to test the effect of the […] 
ATP-sensitive potassium channels (KATP)' were first described in cardiac muscle ( 1) , and have since been reported and characterized in skeletal muscle, pancreatic ,B-cells, vertebrate axons, and, most recently, in vascular smooth muscle cells (2) (3) (4) (5) . Since these channels are very sensitive to intracellular concentrations of ATP, they provide an important potential link between cell metabolism and electrical excitability (2) (3) (4) . Recent evidence suggests that these channels may play an important role in the pharmacologic and physiologic regulation of vascular smooth muscle tone. For example, several vasodilators known to hyperpolarize vascular smooth muscle cells, notably minoxidil, cromakalim, and diazoxide, have been found to activate ATP-sensitive K+ channels, and the action of these drugs can be reversed by the sulfonylurea glibenclamide, which has been shown to be a selective inhibitor of KATP channels in vascular smooth muscle cells (5) (6) (7) . KATP channels on vascular smooth muscle cells therefore may represent an important regulatory mechanism for the control of vascular tone.
In addition to being sensitive to the intracellular ATP concentration, KATP channel activity can also be influenced by a wide variety of other physiological variables including ADP and other nucleotide concentration, intracellular pH, divalent cation concentration, and G-protein activity (3) . There is also indirect evidence that phosphorylation ofcertain types ofATPsensitive K+ channels is necessary to retain the open state (4, 8) . Finally, evidence strongly suggests that certain endogenous vasodilator peptides, including vasoactive intestinal polypeptide (5), endothelium derived hyperpolarizing factor (9) , and calcitonin gene related peptide (10) , produce relaxation at least in part by activating these K+ channels. In spite of this supporting evidence, there is still debate concerning the actual importance of ATP in controlling the activity of these channels. The inhibitory constant of ATP for these channels is very low, suggesting that at normal physiologic levels ofintracellular ATP channel activity would be completely absent (4) . Thus, in spite of the pharmacologic evidence regarding the role of these channels, there has been no direct evidence to support the concept that actual changes in intracellular ATP concentration can influence vascular smooth muscle tone via ATP-sensitive K+ channels.
The aim of the present study was to determine whether KATP channels are present on the preglomerular microvasculature ofthe rabbit kidney using both the patch clamp technique and the isolated perfused afferent arteriole technique and to assess whether manipulation of cell ATP levels affect vascular tone through these channels. Single channel responses to diaz-oxide, a K+ channel opener, and glibenclamide, a specific blocker of KATP channels, were determined on excised membrane patches obtained from preglomerular vascular smooth muscle cells ofthe rabbit kidney. Functional correlates to these single channel events were then assessed by measuring the effects of these agents on the diameter of isolated afferent arterioles. To determine whether intracellular ATP can influence preglomerular resistance by interacting directly with these channels, the afferent arteriolar response to intracellular ATP depletion was tested, as well as the ability of glibenclamide to modify this response. The studies establish the presence of ATP-sensitive K+ channels on the afferent arteriole and suggest that modulation of cell ATP levels may affect renal blood flow, in part through an effect on these channels.
Methods
Patch clamp studies Animals and tissue preparation. All experiments were performed on renal vascular smooth muscle cells obtained from New Zealand white rabbits weighing 0.8-1.5 kg and maintained on a standard rabbit chow. After euthanasia, the left kidney was removed, decapsulated, and sliced transversely through the papilla. The slices were placed in ice-cold DME containing 3% fetal calf serum, and dissection was done at 4°C. Isolated perfused arteriole studies Animals and technique. All experiments were performed on isolated afferent arterioles obtained from New Zealand white rabbits as described above. After selecting an afferent arteriole and its attached glomerulus from the outer cortical portion of an interlobular tree, tubular fragments were carefully removed using sharpened forceps. Care was taken not to stretch the vessels or to touch the vascular structures at the glomerular hilum. After dissection, the interlobular artery was cut at a site just before the branch point of the afferent arteriole, so that the final specimen consisted of a segment of interlobular artery, the afferent arteriole, the glomerulus, and a fragment of the efferent arteriole. Inspection ofthe specimen under high power usually revealed the presence ofthe macula densa cells. Specimens were not accepted ifthe total dissection time exceeded 60 min.
After dissection, specimens were transferred into a thermoregulated chamber placed on the stage of an inverted microscope (Olympus IMT-2) for cannulation as previously described ( 12) . Briefly, using concentric pipettes mounted on a moveable track system ( 13), the proximal end of the interlobular artery was aspirated into a holding pipette. The perfusion pipette was then advanced through the lumen of the interlobular artery into the afferent arteriole. The perfusate was driven by a hydraulic pressure head of 1 10 cm H20. After establishing vessel perfusion, a small cover slip was placed over the top of the bath creating a small, closed, and stable chamber with a total volume of -100 ul. The bath temperature was then elevated to 38°C. Fresh bath medium was supplied by a syringe pump at a rate of 200 Mil/min and removed continuously by aspirating the effluent. Initial spontaneous contractions with varying intensity were observed during the warmup period in the majority of vessels. These contractions in general subsided during an equilibration period of 60 min. Before studies were started, specimens were inspected for cellular integrity and the presence of macula densa cells using differential interference contrast optics (Olympus IMT-2-DIC) at magnifications of 600.
Protocols
Series 1: diazoxide. In five experiments, the ability of diazoxide to dilate preconstricted arterioles was tested. In all ofthe following experiments, a phenylephrine (PE) dose-response curve for each vessel was first determined with doses from 10-7 to 10-5 M, and a dose of PE was selected to preconstrict the vessel by 50-80%. After preconstriction with PE, diazoxide was added to the bathing medium at a concentration of 10-5 M. When a stable response to diazoxide had been obtained, usually after 3-4 min, 10' M glibenclamide was also added to the bathing medium to test its ability to counteract the affect of diazoxide. After 5 min, all agents were removed from the bath to determine recovery. In a separate series of control experiments, the time course of PE constriction was determined over a 1 0-min period, first in the presence of diazoxide vehicle and then in the presence ofglibenclamide vehicle.
Series 2: verapamil. To test the specificity ofthe constrictor effect of glibenclamide, studies were performed to determine its ability to reverse the effect of verapamil. After preconstricting arterioles with PE, verapamil was added to the bath at a concentration of 10' M, and steady-state vasodilation was achieved in -3 min. Glibenclamide was then added to the bath at 10' M for a 5-min period, which was followed by a recovery period.
Series 3: 2-deoxy-D-glucose. All experiments were performed using RPMI 1640 glucose-deficient medium rather than DME as the bathing medium so that glucose could be directly varied. To determine whether decreasing intracellular levels of ATP can dilate afferent arterioles, the effect of replacing glucose with 2-deoxy-D-glucose was tested. Substitution of this analogue for glucose has been shown to decrease the intra-cellular concentration of ATP (14) . Before the beginning ofthis protocol, the luminal perfusate solution was exchanged for an identical solution without glucose. Afferent arterioles were first preconstricted with a half-maximal dose of PE in the presence of 100 mg% glucose. The bathing medium was then replaced with an identical solution in which the glucose had been completely replaced with 100 mg% 2-deoxy-Dglucose. When a stable response had been achieved in the presence of PE and 2-deoxy-D-glucose, usually within 10 min, 10-M glibenclamide was then added to the bath for a period of 5 min, which was followed by a final recovery period.
Solutions and reagents. Dissection and bath media were prepared from DME containing Ham's nutrient mixture F-12 with the addition of 1.2 g/liter NaHCO3 (Sigma Chemical Co.). Before use this solution was aerated with 95% 02/ 5% CO2 for 45 min and its pH was adjusted to 7.4. When used as dissection medium, fetal calf serum (Gibco Laboratories, Grand Island, NY) was added to a final concentration of 3%. When used as bath medium, 1 mM CaC12 (final [Ca] = 2 mM) was added, and bovine serum albumin (Sigma Chemical Co.) was added to a concentration of 0.5%. No significant difference in bath medium pH was noted between delivered and collected samples. Vessel perfusion fluid was a modified Krebs-Ringer-HCO3 buffer containing (millimolar): 115 NaCl, 25 NaHCO3, 0.96 NaH2PO4, 0.24 Na2HPO4, 5 KCI, 1.2 MgSO4, 2 CaC12, and 5.5 glucose. The buffer was gassed with 95% 02/5% CO2 and pH adjusted to 7.4 and bovine serum albumin was added to a final concentration of 1%. In experiments requiring glucosefree medium (series 3), RPMI 1640-deficient medium without glucose (Sigma Chemical Co.) was used instead of DME. Glucose or 2-deoxy-D-glucose was added where necessary, and the medium was otherwise treated identically to the DME.
Hanks' solution contained: (millimolar) 140 NaCl, 5.4 KCI, 0.44 KH2PO4, 0.42 NaH2PO4, 4.17 NaHCO3, 0.1 CaCl2, 5 Hepes, 5.55 glucose; pH adjusted to 7.4 with NaOH. PE (Sigma Chemical Co.), diazoxide (Quad Pharmaceuticals), and 2-deoxy-D-glucose (Sigma Chemical Co.), were dissolved in a stock solution of saline and diluted 100-fold in the final bath medium. Glibenclamide (Sigma) was dissolved in DMSO and diluted 1,000-fold in the final bath medium. ATP (Sigma) for patch clamp studies was dissolved in distilled water.
Measurements and statistics
Vascular diameter changes were recorded on videotape at a magnification of 600 using differential interference contrast optics. Intraluminal vascular diameters were measured on the video images using an image analysis system (Cue 2; Olympus Corp.). Since the luminal diameter of these vessels typically displayed a prominent heterogeneity along their length, measurements were made at several sites. Values reported in the text reflect the diameters measured at the most responsive segment observed for each vessel. Measurements were made on image frames taken after a steady-state diameter had been achieved for each treatment.
Statistical analysis ofthe data was performed on diameter measurements (expressed in micrometers) obtained directly from the image analysis system which had been previously calibrated using a slide micrometer. In all perfusion studies, statistical analysis was performed using a single-factor, within-subjects analysis of variance (ANOVA), and the Newman-Keuls multiple range test was used to supplement the analysis, where necessary, to compare individual means. Values in the text and figures represent means±SEM and differences were regarded as significant at a probability of P < 0.05.
Results

Patch clamp studies
Although channel activity was rarely seen in the on-cell configuration, potassium channel activity of some type appeared in -l/3 of the cells examined upon conversion to the inside-out configuration. Of (4) . The difference in conductance probably reflects conditions of measurement, although differences in channel properties in different vascular smooth muscle cell types cannot be excluded.
As Fig. 2 A illustrates, channel activity in these patches (n = 6) was almost completely inactivated by 1 mM ATP and this effect was reversible. Mean current in the presence of 1 mM ATP was reduced to 17.8±3.2% ofcontrol (n = 6). The inhibition of channel activity by ATP could be partially reversed by 10 ,uM diazoxide as illustrated in Fig. 3 (n = 3) . Finally, separate experiments demonstrated that the activity of these chan- nels could be inhibited by glibenclamide in a concentration-dependent manner such that channel activity was nearly abolished at 1 gM ( Fig. 4 ; n = 3). This effect was not reversible.
Channel activity was not affected by free calcium concentration in the range from < 10 nM to 10 ,uM (see Fig. 2 B) . In addition, in some excised patches from these cells, a large conductance (301±9.3 pS, n = 3) K channel was observed that was calcium dependent; consistent with previous reports (15) , these Ca-sensitive channels were not affected by ATP or 1 ,M glibenclamide.
Isolated perfused arteriole studies These K+ channels were inactivated by mM ATP and by glibenclamide in a dose-dependent fashion from 10-9 to 10-6 M. In addition, single channel recordings showed that, in the presence of millimolar ATP, application of l0-5 M diazoxide can reopen these K+ channels, providing direct evidence for the molecular mechanism of this agent. These data, therefore, provide electrophysiological evidence for the presence of a potassium channel on the preglomerular vasculature ofthe rabbit with physiologic and pharmacologic properties consistent with a ATP-sensitive K+ channel.
Functional support for a role of these channels in the control of preglomerular resistance was obtained in experiments using isolated perfused afferent arterioles preconstricted with phenylephrine. The afferent arteriole was used for study be- cause it is a resistance vessel critical for regulation of renal blood flow and glomerular filtration rate. In the first experimental series, addition of the K+ channel opener, diazoxide, produced vasodilatation which could be reversed by addition of glibenclamide. In the second experimental series, glucose uptake and glycolytic production of ATP were inhibited by bathing perfused vessels in glucose-free medium containing 2-deoxy-D-glucose; this produced a vasodilatation which could also be reversed by addition of glibenclamide. In separate control experiments, phenylephrine produced sustained vasoconstriction, unaffected by the application of the drug vehicles, and vasodilation produced by verapamil was not modified by glibenclamide, supporting the specificity of this agent. Taken together with the patch clamp studies, these data suggest that activation of KATP channels results in cell hyperpolarization and vasodilation, and permit the conclusion that ATP-sensitive K+ channels can contribute significantly to the control of vascular smooth muscle tone in the rabbit afferent arteriole.
Previous studies have provided evidence that KAT channels play a role in hypoxic vasodilation in coronary vessels (17 ( 31 ) , and it might directly effect the release of vasoactive substances from the endothelium (34) . The demonstration that the vasodilation produced by 2-deoxy-D-glucose could be promptly reversed by addition ofthe specific ATP-sensitive K+ channel inhibitor glibenclamide, supports the participation of KAT channels in the change in vessel tone. These observations are consistent with the hypothesis that reduction in the levels of glycolysis-derived ATP in the vascular smooth muscle cell can influence tone through a direct effect on KATP channels. Since our perfused vessel preparations include both endothelial cells and vascular smooth muscle cells, an alternate possibility is that removal of glucose and substitution of 2-deoxy-D-glucose resulted in release from the endothelial cell of a factor which activated the vascular KATP channels. There is some evidence that endothelial cells produce a hyperpolarizing factor acting through this class of channels (5, 35) . In the only studies to address directly the effects of 2-deoxy-D-glucose on endothelial factors, however, this agent applied to rabbit aorta reduced release of endothelial derived relaxing factor, and produced directionally opposite changes in vascular tone from that predicted by this proposal (34) . In summary, the present experiments demonstrate the presence of ATP-sensitive potassium channels on vascular smooth muscle cells from small caliber resistance vessels of the rabbit kidney. The properties of these channels are similar to those previously reported from patch clamp studies on larger arteries (5, 10) . Functional experiments using the isolated perfused rabbit afferent arteriole showed that these channels can play a role in the control of arteriolar tone, and demonstrate for the first time that manipulation ofglucose availability alters vascular tone through a direct effect on ATP-sensitive K+ channels. These data support the hypothesis that ATP-sensitive K+ chan-nels participate in the metabolic control ofpreglomerular resistance and, by inference, of glomerular filtration rate and renal blood flow.
